Introduction
One goal of the Consensus Committee to Develop Recommended Standards for newborn intensive care unit (NICU) Design was to promote the best possible lighted environments in NICUs. Lighting recommendations are rarely based upon state-of-the-art knowledge. Rather, they often re-articulate well established lighting principles that have been found to have caused few problems in the past. The recommended lighting standards discussed here, in fact, include 'tried and true' general principles of good lighting. But they also chart a couple new directions for lighted environments in the NICU that are consistent with the latest scientific literature and are in anticipation of new lighting technologies soon to be on the market. In particular, a rapidly growing body of scientific literature suggests that light has a profound effect on human health and well-being through the circadian system (for recent reviews, see Rivkees 1 Brainard and Hanifin 2 Duffy and Wright 3 and Rea et al. 4 ). This new scientific evidence was considered when developing the recommended standards despite the fact that the impact of light on human circadian regulation is presently ignored by every other lighting recommendation body in the world. Also, the anticipated advent and widespread use of solid-state lighting, or light emitting diodes (LEDs), into general lighting for the NICU must be met with new standards for color rendering. The present recommended standards introduce new measures of color rendering to better assure satisfactory color perception by health-care professionals in the NICU under LEDs, or any other light source.
As the reader of this article may not be familiar with lighting, a useful reference section is included. Moreover, every effort has been made to help the health-care professional understand lighting terminology to better collaborate with the architect or engineer in selecting the best lighting solutions. As such this article is intended to serve as a bridge between the healthcare and the building professions.
This article provides rationales for the latest recommended standards in NICUs as they pertain to the following: Discussion of this last standard is primarily concerned with the glossiness of architectural flooring materials.
Lighting in the infant care areas Ambient lighting: general illumination Visual performance is a result of the neural and optical characteristics of the observer, the target characteristics (e.g., letter size and contrast printed on paper) and the luminance of the target background. Although a detailed discussion of visual performance is beyond the scope of this chapter, generally speaking, the greater the background luminance, the higher the level of visual adaptation and the better observers can perform visual tasks. 5, 6 For example, both visual acuity, the resolution of fine details, and visual performance, the speed and accuracy of processing visual information, increase with background luminance. 7, 8 Except for self-luminous displays, background luminance is determined by the directional reflectance of the target background and the amount of illumination incident on the object. Although high levels of illuminance are necessary for maximum performance, large changes in illuminance in the NICU environment will make only slight differences in visual performance, except for seeing targets that are very small or of low contrast against their background or for performing visual tasks critical for infant care. Thus, there are separate recommendations for ambient lighting and for procedure lighting.
The recommended ambient illuminance levels on task surfaces in the NICU from 'white' light sources, including daylight, should be within the range of 10 to 600 lux (lx). Figure 1 shows expected levels of visual performance for typical reading materials found in the NICU over this range. As can be seen in this figure, the speed and accuracy of processing common printed materials is relatively high within the recommended range of illuminance levels, although it is also obvious from Figure 1 that higher levels of illuminance over this range will yield slightly higher levels of visual performance.
Ambient lighting: color
Analogous to visual performance, color perception is the result of the neural characteristics of the observer's visual system, the spectral power distribution (SPD) of the light source and, if that light source serves as an illuminant, the spectral reflectance of the object. A comprehensive discussion of color perception is well beyond the scope of this chapter, so the interested reader is directed toward to Kaiser and Boynton 9 and Rea et al. 10 for more information on the topic. This section will focus on only one aspect of color perception, the SPDs of the light sources likely used as ambient illuminants in the NICU. For the purposes of this chapter then, it will be assumed that the people in the NICU have normal color vision and that objects being illuminated in the NICU, such as architectural materials and human skin, are broad-band spectral reflectors. Moreover, it will be assumed that these illuminants are 'white' light sources that might be used in the NICU today or in the near future.
The SPD of a light source characterizes the amount of radiant flux generated by the light source across the visible spectrum (380 to 780 nm). Figure 2 shows relative SPDs of common electric light sources. Commercially available light sources are rarely characterized by their SPDs, however. Two measures, correlated color temperature (CCT) and color rendering index (CRI), derived from the SPD are the two most common measures provided by the lamp manufacturers to describe the color characteristics of electric light sources. 5 CCT is the apparent color of the light emitted by a source relative to the color appearance of the light from an ideal incandescent source held at particular temperature and measured on the kelvin (K) scale. The CCT rating for a lamp is a general indication of the warmth or coolness of its appearance. So-called 'warm' light sources appear 'yellow-white' and have a CCT of about 3000 K or lower and 'cool' light sources appear 'blue-white' and have a CCT of about 5000 K or higher. Color rendering is a general expression for the effect of a light source on the color appearance of objects. CRI is a measure of the ability of the light generated by the lamp to illuminate objects so they appear 'natural' or 'acceptable'. Daylight and incandescent light sources are reference light sources in the CRI system and have been arbitrarily set to have the maximum value of 100; all other light sources will, by definition, have CRI values less than 100. Table 1 provides CCT and CRI values for the light sources illustrated in Figure 2 .
In the previous version of this standard, color requirements for light sources were limited to values of CRI, but with new light source innovations it has become increasingly clear that CRI does not capture all aspects of 'color rendering.' Current thinking, which continues to evolve among lighting metrologists, is that CRI is a measure of how 'natural' objects appear under a light source. By this criterion, for a North American audience, incandescent and daylight are probably good choices as reference light sources to which all other light sources can be compared. These are certainly the most common light sources in residential applications and other light sources (e.g., fluorescent) may not make objects (e.g., fruits and meats) appear 'normal' or 'natural' in the home.
As suggested above, however, there are other aspects of 'color rendering' that might be important in other applications, especially in the NICU environment. CRI does not, for example, correlate well with a person's ability to discriminate among objects with slight differences in spectral reflectance. Incandescent, in particular, has the maximum CRI value even though it has limited radiant power at short wavelengths ( Figure 2) . It is more difficult to distinguish among purples, maroons and violets under incandescent illumination than under, say, daylight. Because CRI is limited in this aspect of color rendering, a measure of the distribution of radiant power throughout the visible spectrum has been established. 10 An imaginary equal energy spectrum with the same radiant power across the entire visible spectrum serves as the reference light source and an index, termed the full spectrum color index (FSCI), was developed to measure a light sources ability to provide radiant power throughout the spectrum.
Color vividness or saturation is another aspect of 'color rendering' that has been identified as important. Some light sources enhance certain colors more than others. This aspect can be both beneficial and detrimental to color perception in the NICU. If a light source mutes colors, making all colors appear pallid, it will be very difficult for health-care professionals to make critical decisions about the well-being of the infants in their charge. On the other hand, if colors are overenhanced and distorted then accurate color perception is also compromised. A good example of this latter effect is associated with, so-called, 'meat lamps' used by butchers to enhance the redness of the meat in their cases. Gamut area (GA) is a useful measure of color vividness or saturation that a light source can provide, 10 but, importantly, values of GA may be too low or too high in an NICU context. These two color-rendering measures, FSCI and GA, were introduced in this revision to the recommended standards to augment CRI. Whereas this addition is probably not particularly important for many light sources currently used in the NICU, it is anticipated that LEDs will become more and more common and research has shown that for some narrow band, 'white' LEDs color confusions are quite possible. Moreover, slight changes in the SPD of the LEDs can dramatically affect CRI without necessarily affecting the color appearance of the objects. Indeed, LED arrays Table 1 .
with a high value of CRI can be make objects appear less natural or acceptable than LED arrays with a low value of CRI. 11 Table 1 also lists values of FSCI and GA for several light sources. Practically speaking, fluorescent lamps are the most common type of electric light source used in the NICU environment for general illumination, and those fluorescent lamps designated as RE80 will meet the recommended levels of CRI (minimum value of 80), FSCI (minimum value of 55) and GA (values between 65 and 100). Incandescent lamps will not, however, meet these recommended values as illustrated in Table 1 . Any lamp manufacturer will, upon request, be able to calculate values of CRI, FSCI and GA from any of their lamp SPDs using the information provided by Rea et al.
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Procedure lighting For unusually small or indistinct visual tasks, for critical visual tasks and for health-care staff with visual difficulties, much higher illuminances will be important for good visual performance. This can be most easily achieved with procedure lights. The recommended standard prescribes procedure lights should provide at least 2000 lx on the infant while limiting 'spill light' onto unwanted areas such as the infant's eyes.
Obviously, procedure lights, usually containing highly directional incandescent halogen lamps, can be located at several heights above the infant. Adjusting the height will affect both the size and brightness of the illumination field. Fortunately or unfortunately, there are a wide variety of lamps with many different light distributions, and all can be inserted into a procedure light as a replacement. Consequently, it may not be easy for the health-care professional to select a lamp for a procedure light that meets the standard. Figure 3 was developed with the following text to help facilitate the proper selection of directional light sources used in procedure lights. Care should be taken when using halogen lamps because they can get very hot to touch. Further, halogen lamps should not be placed very close to the infant to limit excessive radiated heat onto the baby's skin. It should also be noted that incandescent halogen lamps would not meet the color requirements for general illumination in the recommended standards (Table 1) . However, high light levels, like those produced by the procedure lights, can usually compensate for weakness in a lamp SPD to provide good color rendering.
The size of the illumination field should match the size of the infant's body, excluding the head (Figure 3) . The size of the illumination field (o) is measured in steradians (sr), which can be estimated by the following simple equation.
Where A is the area of the illumination field and d is the distance, or height of the procedure light above the infant. Most procedure lights will have a radially symmetric (circular) illumination field. From simple geometry, A ¼ pr 2 (r is the radius of the circular illumination field). So to cover an infant's body length of 0.5 m, the area of a circular illumination field is 0. Abbreviations: CCT, correlated color temperature; CRI, color rendering index; FSCI, full spectrum color index; GA, gamut area.
The recommended minimum illuminance (E) on the infant in the standard is 2000 lx in the illumination field. As f ¼ AE ð2Þ
and as the area to be illuminated (A) is 0.2 m 2 , the amount of flux (f) the lamp must produce in the illumination field is 400 lumens (lm).
The required intensity (I) in candelas (cd) is then determined by the following equation
Carrying this example further then, I is equal to 2000 cd. This is the average intensity across the whole illumination field. To easily relate this calculated intensity value to lamp data from a manufacturer's catalog, it is necessary to make some approximations. Table 2 provides hypothetical lamp data that might come from a manufacturer's catalog. These data typically include, in addition to the lamp wattage (W):
the maximum luminous intensity (I, in cd) produced by the lamp, often reported as center beam candlepower (CBCP) the lamp's beam angle (in degrees); this is the angle within which the luminous intensity from the lamp is at least half of the CBCP From Table 3 , it is possible to relate the manufacturer's reported lamp beam angles (in degrees) to the solid angle (in sr) needed in the calculated illumination field (Eq. 1) and the reported CBCP to the calculated intensity (Eq. 3). The solid angle of 0.2 sr in the present example corresponds to a beam angle of 281. Further, because luminous intensity decreases as the angle from the center of the illumination field increases, its maximum intensity should be, without going through trigonometric proof, 12 approximately 1.33 times higher than the intensity value calculated from Eq. 3. Thus, in order to have an average of 2000 lx on the infant's body, the CBCP should be about 2700 cd. Referring back to Table 2 then, the most appropriate lamp for the present example would be lamp B, with a beam angle of 251 and a maximum luminous intensity of 3000 cd. As described above, however, care must still be taken to ensure that the infant's eyes are protected because all lamps will produce illumination outside their defined beam angles.
Illumination of support areas
Although the formal definition of light is limited to optical radiation entering the human eye that provides visual sensation, 'light' entering the human eye is transmitted to several parts in the brain other than those projecting to the visual centers. In particular, light reaching the retina regulates our circadian rhythms. Circadian rhythms are rhythms in our body that repeat at approximately 24 h. Circadian rhythms are influenced by internal and external factors. Internally, a master clock located in the suprachiasmatic nucleus in the hypothalamus in the brain generates and regulates circadian timing. 13 Without any external influence, circadian rhythms will continue to oscillate, but with an average period of about 24.2 h. External factors (also called time givers, or zeitgebers) synchronize circadian rhythms to the solar, 24-h day. The light/dark cycle is the strongest zeitgeber to the master clock, although exercise, meal times and social activities have been shown to affect the phase of the master clock as well.
Humans are a diurnal species, genetically programmed to be awake during the day and asleep at night. Alertness and performance are known to be greater during daytime hours than during night time hours.
14 Nightshift workers are expected to be awake when their internal clock is telling them to be asleep and asleep when their internal clock may be telling them to be awake. As a result, nightshift workers are usually not entrained to their light (at night)/dark (during the day) cycles. This lack of entrainment is associated with lower performance during the shift, chronic sleep deprivation, higher risk of having gastrointestinal and cardiovascular problems and higher risk of certain types of cancer. 15 Light can impact circadian rhythms of nightshift workers in two ways: acute and phase shifting effects. For the purpose of this recommendation, we will only discuss the acute effects of light because in order to achieve entrainment to the nightshift through phase shifting, light exposure should be controlled throughout 24 h and there is no provision for that in the standards. Light can help nightshift workers increase alertness and certain types of performance. Badia et al. 16 showed that exposure to 90 min of 5000 to 10 000 lx of white light during the night time increased alertness, as measured by brain activities. Cajochen et al. 17 also showed that exposure to 3190 lx at the eye of white light increased brain activity. Very recently, Cajochen et al. 18 showed that low levels of blue light (less than 30 lx at the eye) increased brain activities and reduced sleepiness at night. Figueiro et al. 19 showed that 15-min exposure to on average 2500 lx on the work plane, improved subjective ratings of wakefulness and increased tympanic temperatures of nurses working in a NICU. Acute alerting effects can be achieved by giving short pulses of bright white light (or blue light) throughout the shift. These effects are seen shortly after exposure to light and they cease once light stimulus is removed.
In addition to helping nightshift workers cope with the difficulties of being awake when their bodies are telling them to go to sleep, light exposure for the circadian system can also aid dayshift workers who may suffer from seasonal affective disorder (SAD). SAD is a subtype of depression with episodes occurring during winter and remission occurring during summer time. 20 Although the mechanisms associated with SAD are still unclear, it is believed that the lack of daylight availability during winter months triggers the symptoms of the disease. In fact, light is a recognized treatment for SAD. Even dayshift nurses, who are likely to go to and come back from work in the dark, may be at risk of suffering from SAD because of the lack of enough light to activate their circadian system.
The human circadian system is maximally sensitive to short wavelength radiation (or blue light). Light sources that emit most of the energy in the short wavelength portion of the spectrum, such as LEDs peaking at 470 nm, are most efficacious in activating the circadian system, with circadian efficacy values ranging in excess of 30 times that of incandescent lamps. White light is a weaker stimulus to the circadian system than blue light. 21 A local lighting system providing 30 lx of blue light (l max ¼ 470 nm) at the eye can be effective for the circadian system and be beneficial for both dayshift and nightshift staff. Alternatively, a space where staff can be exposed to 300 to 500 lx at the eye of white light (which is approximately 1500 to 2500 lx on the work plane if ceiling luminaires are used to illuminate the space) will also be effective. It should be noted that illumination with a higher CCT (e.g., from a 'full-spectrum' fluorescent having a CCT of 5500 K) will tend to be more effective for the circadian system than warmer-colored light sources (e.g., from a 3500 K fluorescent lamp) when they provide equivalent amounts of light for the visual system (i.e., lumens). However, it is also important to consider the luminous efficacy of the sources in terms of electrical power required to produce equivalent amounts of visible light (see Table 1 ). Some sources with high CCTs can have low luminous efficacy, thus requiring more electrical energy to provide equal levels of visual effectiveness. Table 1 compares the effectiveness of a number of different light sources for the visual system (luminous efficacy) and as a circadian stimulus (relative to incandescent). When choosing light sources for the illumination of supporting areas, their effectiveness for both the visual and circadian systems should be considered in terms of the lighting energy requirements.
Daylighting
In terms of visual tasks, daylight can be a good source of illumination for tasks typically performed in NICUs, such as evaluation of infant skin tones, because of its high light levels and good color rendering properties. Daylight also has high intensity at regions of the spectrum that promote activation of the circadian system and may be particularly helpful in winter to help reduce symptoms of SAD. Penetration of daylight into spaces through typical windows is usually not very deep. 22 However, it is also well known that a window is a desirable feature in any space. Studies conducted over the past 50 years all showed that people prefer daylighted spaces, although none of these studies have been able to reliably show an improvement in productivity associated with daylight. 6 Nevertheless, there seems to be sufficient evidence to believe that access to a view is psychologically beneficial to adults. 23 In addition to benefiting staff and family members, windows in the NICU can benefit the circadian rhythms of premature infants by providing them with cycled light. It is believed that before babies are born, they receive light/dark signal information through maternal time-of-day cues (e.g., hormones and activity). In babies that are carried to term, a well-defined circadian rhythm is exhibited by the third trimester. Premature infants are deprived from this light/dark signal information through maternal time-ofday cues. It has been shown that when premature infants are exposed to continuous light, such as constant dim light or constant bright light, day-night differences in rest/activity are not apparent, whereas day-night cycle was found in those premature babies exposed to cycled light. 24 Consistently, studies have shown that premature infants exposed to cycled light 10 days before discharge were more active during the day than at night over the first 10 days after discharge. Infants exposed to dim light before discharge were more active during the day than at night only 21 to 30 days after discharge. Other studies showed that cycled light improved weight gain of premature infants older than 32 weeks, 25, 26 increased daytime activity and reduced night time activity 24 of premature infants after discharge. Although there are some studies that failed to show positive effects of cycled lighting, there seems to be no short-term advantages to keeping infants older than 32 weeks in dim ambient lighting.
The recommendation to have at least one source of daylight in or adjacent to the space is probably positive not only for the babies, but also for staff and families. It is important to assure, however, that sunlight in the space does not become a nuisance. Provision to control sunlight (and daylight, when necessary) should be made. Windows, when not treated properly with blinds and curtains, can be a source of glare and cause discomfort. Every window in the NICU should be treated properly to maximize the benefits and minimize the problems associated with windows.
Floor surface gloss Light interacts with surfaces to reveal details in the object being viewed or to obscure them. Of particular concern in the NICU is the minimization of reflected glare that can obscure important visual information needed by health-care professionals to perform their duties. Perhaps the most prevalent example of reflected glare is that coming from computer screens and other electronic displays common in the modern NICU. In general, diffuse ambient lighting is preferred in the NICU to minimize reflected glare from these displays, but reflected glare cannot be easily avoided in every case. Reflections from highly specular, or glossy, surfaces such as clear plastic incubator covers are almost impossible to avoid. Incubator covers must be clear and glossy to maintain optical fidelity between the infant in the incubator and the person viewing the child. In this case special attention must be given to the light-incubator-eye geometries to avoid obscuration of the infant by reflected glare, even under diffuse illumination.
Apart from the need for some glossy surfaces in the NICU, there does seem to be an implicit emphasis on introducing glossy architectural materials into the NICU. Presumably glossy surfaces connote 'cleanliness' to the people within a hospital environment. Clearly, however, glossy surfaces can harbor bacteria and chemical contaminants that affect health as easily as matte surfaces. In the interest of a good visual environment, however, glossy surfaces should be avoided to minimize reflected glare where it could compromise visual performance or comfort. Glossy floor surfaces are perhaps the best example to be avoided. In many NICU environments windows are an important architectural feature. As previously discussed, they provide strong light that can help vision and help regulate circadian rhythms and may also provide an important source of visual interest to staff and parents in the NICU. Sunlight and daylight, however, reflect off of glossy floors limiting visibility and increasing discomfort glare for some parts of the day. For this reason, the new recommended standards include, for the first time, a limit on the glossiness of flooring materials as well as a target value for diffuse reflectance.
Gloss can be easily measured in several ways, depending upon the geometries of the light source relative to the light detector. 27 For the purposes of this standard, and consistent with the definition used in the paint industry, gloss factor is defined here as the reflected light (flux) from an ideal mirror (e.g., black glass; see ref. Nadal and Thompson 28 ) relative to the reflected light from the test object (e.g., a floor sample) where the incident and reflected light are at 601 mirror angles. A gloss factor of no more than 30 was chosen for the present standard; this limit corresponds to paint samples described by manufacturers as 'semi-gloss' 29 ). Following routine gloss factor measurements performed by the paint industry, flooring manufacturers should also be able to provide gloss factor values upon request, even if these measurements have not been routinely performed in the past. Finally, it should be noted that the intent of the standard is to limit highly specular reflections from the installed and maintained floor. Specular materials added to the upper surface of the floor (e.g., lacquer) can increase the gloss factor and reflectance values above the recommended amounts. The standard also specifies a maximum diffuse reflectance value of 40% for floor surfaces. 27, 30 
